Introduction {#sec1}
============

The growing obesity challenge is a globally recognized epidemic affecting more than 700 million individuals around the world, with 4 million estimated deaths mainly due to complications related to cardiovascular and renal diseases, diabetes, cancer, and musculoskeletal disorders ([@bib1]). The annual economic burden of obesity in the United States is estimated to be ∼\$8.65 billion for annual productivity loss and ∼\$6899 annual per capita cost for direct health care ([@bib2]). Given these significant health and economic burdens, numerous efforts are directed at addressing this challenge, from lifestyle modification and drug treatment to bariatric surgery. Since the effects of caloric restriction and increased energy expenditure are often stunted by adaptive physiological responses ([@bib5], [@bib6]), and not all patients may necessarily qualify for bariatric surgery, pharmacotherapeutic intervention remains the most exploited approach. However, options remain limited because some drugs have been withdrawn due to serious adverse effects on cardiovascular, renal, pulmonary, and psychiatric functions ([@bib3]). With the high costs and risks for adverse effects associated with medical and pharmacological interventions for obesity, the bioactive potentials of compounds from natural products are continuously being explored for therapeutic applications. These compounds include lipase inhibitors, appetite repressors, energy expenditure promoters, and lipid metabolism regulators from terrestrial and aquatic biomaterial sources ([@bib7]).

Numerous metabolic complications associated with diet-induced obesity are mediated by inflammation and gut microbiome reprogramming ([@bib8]). Elucidation of the links between obesity and a multitude of pathophysiological aberrations like diabetes, atherosclerosis, and nonalcoholic fatty liver disease (NAFLD) enables increased understanding of the interplay of immunologic and metabolic functions in nutrient-sensitive cells in the body. Imbalances in homeostatic and proinflammatory immune responses trigger the activation of inflammatory pathways which eventually affect proper nutrient metabolism ([@bib11]). This process shows that although the consumption of calorie-rich diets along with a sedentary lifestyle reflects the mass-balance concept behind adiposity, the influx of immune cells and increase in inflammatory markers remain crucial in the initiation and progression of obesity-related comorbidities ([@bib12]). In fact, HFD proinflammatory effects, which are causal to the onset of numerous chronic diseases and their progression, account for associated sequelae, including increase of circulating free fatty acids, reduction of gut barrier function, and alteration of the gut microbiome, all of which may trigger a cascade of responses that sustain a systemic low-grade inflammatory state ([@bib15]). Being an energy-dense diet, an HFD contributes twice as much caloric value per gram (fat 9 cal/g) than carbohydrates and protein (4 cal/g), which makes caloric excess easier to reach per gram of unit HFD consumption. HFDs also increased plasma concentrations of LPS in mouse gut, with concomitant increases in the proportions of LPS-containing microbiota ([@bib13]). The decline of *Bacteriodetes* and increase of *Firmicutes* and *Proteobacteria* in obese humans and rodents are hallmarks of HFD consumption. This typical microbiome shift is often characterized by decreased abundance and diversity, usually reported as alpha- and beta-diversity indices/estimates.

As important dietary ingredients in many coastal regions around the world, sea vegetables have been increasingly recognized as a source of bioactive compounds with therapeutic potential in ameliorating obesity and its associated metabolic complications ([@bib16]). These bioactive compounds include polysaccharides (fucoidan, carrageenan, porphyran, and alginates), proteins (phycoerythrin, phycocyanin, and lectins), pigments (carotenoids and polyphenols), and minerals (zinc and magnesium) ([@bib17]). Major mechanisms involved in the antiobesogenic activities of macroalgal compounds include attenuation of nutrient absorption and adipogenic programming and inflammation, stimulation of satiety, and improvements in lipid metabolism ([@bib18]). Brown algae wakame (*Undaria pinnatifida*) is a known source of the algal carotenoid fucoxanthin and the polysaccharide fucoidan, both reported to exert antiobesity effects by regulating weight gain, glucose tolerance, inflammation. and lipid metabolism ([@bib19]). While the bioactivities of peptides, lipids, polysaccharides, and phenolic fractions from the red algae Atlantic dulse (*Palmaria palmata*) have increasingly been documented ([@bib22]), its close but genetically isolated relative Pacific dulse (*Palmaria mollis*) ([@bib27]) has received little attention. To our knowledge, at the time of this report only 1 reported study had investigated the bioactive potential of *P. mollis* in animal models. In this study the researchers showed that 2.5% (wt:wt) supplementation with *P. mollis* prevented hepatic steatosis and visceral adiposity in mice (NSY/HOS, Type 2 Diabetes Mellitus strain) and hyperlipidemia in zebrafish ([@bib28]). While this research group showed that Pacific dulse can suppress fat deposition in an HFD-fed diabetic mouse model by downregulating lipogenic genes and upregulating the expression of beta oxidation--related proteins, the potential effects of Pacific dulse in the modulation of gut microbiome and remediation of inflammation remain unknown.

In the current study, we aimed to determine the effects of wakame (*U. pinnatifida*) or Pacific dulse (*P. mollis*) supplementation on improving lipid metabolism, inflammation, and gut microbiome variation in diet-induced obesity using a nondiabetic mouse model.

Methods {#sec2}
=======

Experimental animal and diets {#sec2-1}
-----------------------------

Thirty-two 8-wk-old male C57BL/6J mice were obtained from Jackson Laboratory. Upon arrival, mice were distributed into individual cages for acclimation for 1 wk. This was done to monitor individual food intake and prevent microbiota sharing among littermates. Eight weight-matched mice were assigned to each diet group, namely the LFD (10% kcal fat), HFD (60% kcal fat), HFD + wakame (HFD + W), and HFD + dulse (HFD + D) groups, for 8 wk. Individually caged mice were housed at constant temperature (22 ± 2°C) with a 12-h light/dark cycle and free access to both food and water in the Linus Pauling Science Center Vivarium at Oregon State University. Food intake and spillage and weight gain were monitored weekly, and food efficiency was calculated based on the gram weight gain per gram of food consumed times 100. Caloric efficiency was calculated based on the gram weight gain per calorie intake times 100. Fresh fecal samples were obtained from each animal for gut microbiome analysis. Mice (*n* = 31) were killed by carbon dioxide inhalation followed by cervical dislocation at the end of a feeding period without fasting. One mouse was lost during a glucose tolerance test at the fourth week. Blood samples were obtained by cardiac puncture using heparinized syringes. Liver, epididymal white adipose tissue (WAT), and interscapular brown adipose tissue (BAT) samples were obtained postmortem and stored at −80°C until further analysis. The experimental protocol concerning the ethical treatment of animals was approved by the Oregon State University Animal Care and Use Committee (IACUC 5030.02/18/2018) and the experiments were conducted according to the protocol.

Diet preparation {#sec2-2}
----------------

Fresh Pacific dulse (*P. mollis*) was provided by Dr. Christopher Langdon at the Hatfield Marine Science Center, Oregon State University, and fresh wakame (*U. pinnatifida*) was purchased from a local farm in South Korea and freeze-dried by Sunmarine Biotech Co. Ltd. Fresh sea vegetables were washed serially to remove debris, epiphytes, and salts, frozen overnight, and freeze-dried. Fresh sea vegetable powders were prepared by grinding dried material in a food-grade pulverizer (commercial Electric Grain Mill, 25,000 rpm with 2800-W motor). Test diets were formulated and supplied by DYETS, Inc. These included an HFD with 60% of calories from fat with and without sea vegetable powder supplementation (5% wt:wt) and an LFD with 10% of calories from fat. Diet composition is provided in **Supplemental Table 1**.

Glucose tolerance test {#sec2-3}
----------------------

To determine the state of glucose intolerance among test animals, a standard intraperitoneal glucose tolerance test (IPGTT) was performed during week 4 of the HFD-feeding period. This was done to ensure that the diet-driven obesity induction was working in the rodent model. Mice fasted for 6 h were administered a [d]{.smallcaps}-glucose solution (1 g/kg body weight). With a sterile lancet, a small puncture was made on the dorsoposterior tail region for periodic monitoring of blood glucose concentrations for time points 0, 15, 30, 60, 90, and 120 min after intraperitoneal glucose administration. Readings were obtained using a commercial blood glucose monitoring system (LifeScan, Inc.). Blood glucose values over time were analyzed using the AUC, which is reflective of the rate at which exogenous glucose was cleared from the systems of test animals.

Plasma, liver, and fecal markers {#sec2-4}
--------------------------------

Plasma was recovered from heparinized blood samples after refrigerated centrifugation for 10 minutes at 2000 × *g*. Frozen liver tissues and vacuum-dried fecal samples were homogenized with ceramic beads (Bertin Technologies) prior to lipid content quantification. Plasma, liver, and fecal lipids were quantified through colorimetric enzymatic assays using Infinity triglycerides (Thermo Fisher Scientific) and Infinity cholesterol (Thermo Fisher Scientific) liquid-stable reagents ([@bib29]) with signal detection using a microplate reader (Molecular Devices). Plasma glucose was quantified using a commercial kit (Wako Autokit Glucose 997-03001). Plasma monocyte chemotactic protein 1 (MCP-1) concentrations were determined using an ELISA kit (eBioscience, Inc.).

Microbiome analysis {#sec2-5}
-------------------

Using fecal samples that were freshly collected at the end of the feeding period, whole-genomic DNA was extracted and subjected to 16S rRNA gene amplification and sequencing as previously described ([@bib30]). Briefly, fecal DNA was extracted using the Qiagen Powersoil kit and subsequently subjected to PCR amplification of the V4 hypervariable region of the 16S rRNA gene. Amplicons were sequenced on an Illumina MiSeq at the Center for Genome Research and Biocomputing at Oregon State University. The resulting V4 16S rRNA forward-end sequence reads were quality controlled and subjected to amplicon sequence variance (ASV) clustering, taxonomic annotation, and phylogenetic reconstruction using the DADA2 workflow ([@bib31], [@bib32]). The Phyloseq R package ([@bib33]) was used to quantify community alpha- and beta-diversity as well as conduct data visualizations and the statistical tests described alongside the results.

Statistical analysis {#sec2-6}
--------------------

Data are presented as means ± SDs. One-way ANOVA was used to compare data sets with Tukey\'s multiple comparison test for post hoc analysis. Significant difference was set at *P* ≤ 0.05. All statistical analyses were carried out using GraphPad Prism 8 software (GraphPad Software).

Results {#sec3}
=======

Improvement of caloric management via lower food efficiency under the sea vegetable--supplemented diets {#sec3-1}
-------------------------------------------------------------------------------------------------------

The final body weight of HFD-fed mice (41.4 ± 1.7 g) was significantly higher than that of the LFD- fed mice (30.4 ± 1.5 g; *P* ≤ 0.01), but comparable to that of the sea vegetable--supplemented groups (HFD + W, 39.8 ± 1.9 g; HFD + D, 38.7 ± 2.4 g; *P* \> 0.05) at week 8 ([**Figure 1**A](#fig1){ref-type="fig"}). The weekly body weight of the sea vegetable--supplemented groups was similar to that of the LFD group until week 3 for the HFD + W group (*P* = 0.1402) and week 5 for the HFD + D group (*P* = 0.0623), results showing short-term weight gain suppression by the supplementation. These mice had weight gain that was almost 3-fold (HFD, 15.1 ± 1.5 g) and 2-fold (HFD + W, 13.2 ± 0.9 g; HFD + D, 11.4 ± 1.1 g) higher than that of the LFD group (5.9 ± 0.7 g) ([Figure 1B](#fig1){ref-type="fig"}). The average daily food intake of the HFD + D group (3.91 ± 0.14 g) was significantly higher than that of the HFD + W (3.25 ± 0.09 g) and LFD (3.37 ± 0.08 g) groups (*P* ≤ 0.01), but comparable to that of the HFD group (3.52 ± 0.08 g) ([Figure 1C](#fig1){ref-type="fig"}). The HFD + W group had lower daily caloric intake (12.4 ± 0.35 kcal/d) than the HFD group (13.95 ± 0.33 kcal/d) and the HFD + D group (14.93 ± 0.09 kcal/day) (*P* ≤ 0.05), and the HFD + D group had higher daily caloric intake than the LFD and HFD + W groups ([Figure 1D](#fig1){ref-type="fig"}). While statistically nonsignificant, the HFD + D group showed a tendency of lower food efficiency (5.08 ± 0.54) than the HFD (7.64 ± 0.83) and HFD + W (7.33 ± 0.64) groups. Additionally, the food efficiency of the HFD + D group was statistically comparable to that of the LFD group (3.11 ± 0.35) (*P* = 0.08; [Figure 1E](#fig1){ref-type="fig"}). The same trend was observed in caloric efficiency. The HFD + D group had a tendency of lower caloric efficiency (10.68 ± 1.44) than the HFD (13.69 ± 1.34) and HFD + W (14.53 ± 1.45) groups, as well as caloric efficiency statically comparable to that of the LFD group (5.75 ± 0.59) (*P* = 0.06; [Figure 1F](#fig1){ref-type="fig"}). These findings may indicate better caloric management in the HFD + D group.

![Sea vegetable supplementation affects weight gain, caloric intake, and food and caloric efficiency in HFD-fed C57BL/6J male mice. (A) Weekly body weight, (B) average weight gain, (C) daily food intake, (D) daily caloric intake, (E) food efficiency, and (F) caloric efficiency. HFD, high-fat diet; HFD + D, 5% dulse--supplemented HFD; HFD + W, 5% wakame-supplemented HFD; LFD, control low-fat diet.](nzaa072fig1){#fig1}

Modulation of lipid metabolic markers by the sea vegetable--supplemented diets {#sec3-2}
------------------------------------------------------------------------------

Liver and BAT weights were comparable among all test groups, with ranges of 1.2--1.5 and 0.17--0.2 g, respectively. The HFD + D (1.78 ± 0.21 g), HFD + W (1.88 ± 0.18 g), and HFD (2.2 ± 0.2 g) groups had significantly higher WAT weights than the LFD group (0.7 ± 0.1 g) (*P* ≤ 0.01), showing that 8-wk HFD feeding was effective in inducing obesity ([**Figure 2**A](#fig2){ref-type="fig"}). Plasma triglyceride and glucose concentrations were comparable among all test groups (*P *\> 0.1). The HFD + D (146.41 ± 10.17 mg/dL) and HFD + W (170.70 ± 12.23 mg/dL) groups had higher plasma total cholesterol concentrations than the LFD group (104.88 ± 12.85 mg/dL) (*P* ≤ 0.01). While the total cholesterol concentrations in the HFD + D group were comparable to those in the HFD group (133.19 ± 14.52 mg/dL), the values observed for the HFD + W group were significantly higher (*P* = 0.03). Plasma LDL cholesterol concentrations were higher in sea vegetable--supplemented HFD groups than in the LFD group (40.18 ± 4.53 mg/dL) (*P* ≤ 0.05) ([Figure 2B](#fig2){ref-type="fig"}). Hepatic triglyceride concentrations were comparable among all of the test groups (*P *\> 0.1), a pattern similar to that of the plasma lipid markers. The HFD + D group showed higher amounts of liver total cholesterol (267.57 ± 28.54 μg/g) than the HFD group (190.43 ± 8.74 μg/g) (*P* ≤ 0.01). Comparably, the high amounts of cholesterol observed in the HFD + W group (214.43 ± 31.93 μg/g) were statistically indistinguishable those in both the HFD and LFD groups (173.57 ± 8.10 μg/g) (*P* \> 0.1). Both the HFD + D (606.43 ± 37.51 μg/g) and HFD + W (923.86 ± 29.54 μg/g) groups had higher fecal total cholesterol than the HFD (375.14 ± 25.54 μg/g) and LFD (220.00 ± 14.44 μg/g) groups, (*P* ≤ 0.01). This finding is parallel to the observed elevated plasma total cholesterol, suggesting that cholesterol synthesis and excretion may have been affected by sea vegetable supplementation. Fecal triglyceride concentrations were significantly higher in the HFD + D (155.18 ± 10.25 mg/g) than in the HFD (25.06 ± 1.38 mg/g) and LFD (21.29 ± 1.49 mg/g) groups (*P* ≤ 0.01), suggesting improved triglyceride disposal/excretion ([Figure 2C](#fig2){ref-type="fig"} and [D](#fig2){ref-type="fig"}).

![Sea vegetable supplementation increases plasma and liver total cholesterol while improving lipid excretion and inflammation in HFD-fed C57BL/6J male mice. (A) Weight of liver, WAT (epididymal fat), and BAT, (B) concentrations of TG, TC, Glu, and LDL cholesterol in the plasma, (C) concentrations of TG and TC in the liver, (D) concentrations of TG and TC in the fecal matter, and (E) plasma MCP-1 concentrations. BAT, brown adipose tissue; Glu, glucose; HFD, high-fat diet; HFD + D, 5% dulse--supplemented HFD; HFD + W, 5% wakame-supplemented HFD; LFD, control low-fat diet; TC, total cholesterol; TG, triglyceride; WAT, white adipose tissue.](nzaa072fig2){#fig2}

Alleviation of systemic inflammation by the sea vegetable--supplemented diets {#sec3-3}
-----------------------------------------------------------------------------

The plasma inflammatory marker MCP-1 was significantly lower in the HFD + D (45.99 ± 23.14 pg/mL) and HFD + W (195.03 ± 10.77 pg/mL) groups than in the HFD (675.97 ± 134.98 pg/mL) group, (*P* ≤ 0.01). Sea vegetable supplementation ameliorated an increase in the systemic inflammatory marker MCP-1 to a concentration comparable to that of the LFD group (192.99 ± 16.26 pg/mL) (*P* \> 0.5), ([Figure 2E](#fig2){ref-type="fig"}). Fasting glucose concentrations were comparable in all of the groups, suggesting that the mice were not hyperglycemic at week 4 of the feeding period. Significantly higher glucose concentrations were observed across all of the HFD groups than in the LFD control for an entire 120-min monitoring period after glucose administration (*P* ≤ 0.01). This finding shows that the rate of exogenous blood glucose clearance is dysregulated, affirming the state of glucose intolerance in HFD-fed mice. At the 4-wk intervention, no significant glycemic improvement was observed with sea vegetable supplementation ([**Figure 3**](#fig3){ref-type="fig"}).

![Sea vegetable supplementation shows no glycemic improvements in HFD-fed C57BL/6J male mice. (A) Blood glucose concentration analyzed from IPGTT. (B) AUC calculated from IPGTT. AUC, area under the curve; IPGTT, intraperitoneal glucose tolerance test; HFD, high-fat diet; HFD + D, 5% dulse--supplemented HFD; HFD + W, 5% wakame-supplemented HFD; LFD, control low-fat diet.](nzaa072fig3){#fig3}

Impact of the sea vegetable--supplemented diets on the gut microbiome {#sec3-4}
---------------------------------------------------------------------

Microbiome analysis of fresh fecal samples revealed diet-driven changes in both alpha- and beta-diversity indices ([**Figure 4**](#fig4){ref-type="fig"}). Samples were rarified to 141,138 sequence reads to reveal a total of 3142 unique ASVs identified in the study. Both species richness (SR) and Shannon entropy were influenced by diet (ANOVA; *P *\< 0.001), with the HFD + D group showing higher diversity estimates ([Figure 4A](#fig4){ref-type="fig"}). Microbiome species richness showed a strong correlation with fecal fat content (ANOVA; *P* = 0.006). Using the Bray-Curtis dissimilarity metric, we determined that the microbiomes of the sea vegetable--supplemented HFD groups were comparable to the microbiome of the LFD group, suggesting that the commonly observed HFD-driven gut microbiome alteration has been averted ([Figure 4B](#fig4){ref-type="fig"}). This diet-driven estimate (Adonis; *P *\< 0.001) was closely associated with the weight gain of the mice (*P* = 0.037). Sea vegetable supplementation was associated with differential relative abundance of 34 genera (FDR-corrected Kruskal-Wallis, *P *\< 0.05), including the *Lachnospiraceae* FCS020 group, whose relative abundance increased to levels more similar to those in the LFD treatment group ([Figure 4C](#fig4){ref-type="fig"}).

###### 

Sea vegetable supplementation averts gut dysbiosis in HFD-fed C57BL/6J male mice. (A) Microbiome alpha-diversity analyzed by SR (left) and Shannon entropy (Shannon, right), (B) microbiome ordination analyzed by Bray-Curtis dissimilarity beta-diversity metrics where ellipses represent 95% CIs, and (C) rarefied abundance of the *Lachnospiraceae* FCS020 group. HFD, high-fat diet; HFD + D, 5% dulse--supplemented HFD; HFD + W, 5% wakame-supplemented HFD; LFD, control low-fat diet; SR, species richness.
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Discussion {#sec4}
==========

Our results demonstrated that sea vegetable supplementation exerts short-term weight gain suppression without affecting the liver, visceral, or brown adipose tissues. The progressive weight gain in the HFD group was modestly suppressed by Pacific dulse and wakame supplementation, with the mean weight gain values intermediate between those for the LFD and HFD groups. Significant weight gain was observed after week 4 and week 6 for the wakame- and dulse-supplemented groups, respectively. In the present study we observed an effect similar to that reported in HFD-fed NSY/HOS (T2DM strain) mice with 2.5%, wt:wt *P. mollis* supplementation ([@bib28]). The suppression of visceral adiposity in mice was reportedly related to the downregulation of peroxisome proliferator-activated receptor γ (PPAR-γ) in the adipose tissue and upregulation of beta oxidation--related genes (PPAR-α and Acox1) in the liver ([@bib28]). While we used a higher supplementation dose (5%) for *P. mollis*, we were unable to observe similar effects in terms of visceral adiposity suppression. This result can be attributed to the fact that earlier researchers used CT scans for visceral adipose tissue volume quantification, which is a much more sensitive method. In addition, the use of different mice strains with distinctive metabolic phenotypes and significantly older age is a potential source of different metabolic outcomes in feeding trials.

While both carotenoid fucoxanthin and polysaccharide fucoidan from wakame (*U. pinnatifida*) are known to facilitate weight loss by modulating fat mass accumulation in mice ([@bib19]), this was not observed in this study. The weight gain of wakame-supplemented groups was only briefly suppressed. It is of value to point out that the short-term weight gain suppression observed in sea vegetable--supplemented HFD groups were associated with reduced food efficiency for Pacific dulse and reduced food intake for wakame. The possibility of reduced fat absorption and satiety stimulation can be considered since algal phenolics and polysaccharides are known to modulate digestive enzyme activities, satiety-associated signals, and digestive tract motility ([@bib34]).

Lack of significant difference between treatments in terms of liver and BAT weight indicates that the 8-wk HFD feeding was not enough to induce hepatic steatosis, which is an associated obesity risk factor for NAFLD. Most studies have found that HFD induces discernable lipid deposition in the liver after at least 12 wk. Furthermore, since BAT is associated with thermogenesis, it is likely that 5% (wt:wt) sea vegetable supplementation did not exert discernable thermogenic effect in our model.

While the elevated cholesterol concentrations observed in both plasma and liver under sea vegetable supplementation were not expected, considering the well-documented hypolipidemic properties of sea vegetables, a similar effect was reported in ICR and KKAy mice with fucoxanthin supplementation. Specifically, repeated oral administration of fucoxanthin (500--1000 mg/kg) for 30 days resulted in an almost 2-fold increase in plasma total cholesterol in both male and female ICR mice ([@bib35]). The same was observed in a 4-wk study in diabetic/obese (KKAy) mice with 0.2% fucoxanthin supplementation ([@bib36]). Both total and non-HDL cholesterol concentrations in the serum were elevated in fucoxanthin-supplemented groups ([@bib36]), suggesting that carotenoid fucoxanthin exerts hypercholesterolemic effects. Researchers then showed that these effects were mediated by the induction of SREBP (sterol regulatory element binding proteins) expression in the liver, which is associated with the cholesterol biosynthetic pathway. It is worth noting, however, that hepatic cholesterol content was reduced in their study, which was attributed to the reduction of hepatic LDL receptor (LDL-R) and SR-B1 proteins, and the increased mRNA expression of PCSK9, with the former 2 proteins responsible for cholesterol uptake in the liver, and the latter was associated with intracellular degradation of LDL-R in the lysosomes ([@bib36]). However, this was not the case in our results. On the contrary, both Pacific dulse and wakame supplementation increased hepatic total cholesterol, with a parallel increase in fecal cholesterol. This finding is comparable to the result of different statins on cholesterol metabolism in C57BL/6J mice. While it is generally known that statins lower cholesterol concentrations through HMG-CoA reductase competitive inhibition, researchers demonstrated that this is accomplished by a paradoxical increase in hepatic cholesterol synthesis coupled by the potent stimulation of cholesterol secretion ([@bib37]). Specifically, rosuvastatin and lovastatin caused increased cholesterol excretion via the biliary route while atorvastatin treatment stimulated the transintestinal disposal pathway, eventually resulting in reduced plasma cholesterol concentrations in their rodent model ([@bib37]). The higher total cholesterol concentrations in the liver observed in this study may suggest increased biosynthesis or that LDL-R--driven uptake was enhanced. Since the former is more plausible, it can be considered that the increased cholesterol excretion in the feces may have been stimulated as a buffering mechanism to ensure tightly regulated cholesterol homeostasis in the body.

While the increased amounts of cholesterol can generally be disconcerting considering that LDL particles are closely linked to cardiovascular diseases, specifically atherosclerosis, there is a growing understanding now as to the atherogenic risk associated with this cholesterol particle and its apolipoprotein (apoB). The variability of cholesterol loading in apolipoproteins accounts for the growing advocacy to use apoB as a more reliable marker for atherogenicity than LDL cholesterol. Since lipid deposition in the vascular tissues is mainly driven by particle size and mass, and the latter can vary greatly for LDL particles, the protein marker attached to it can be more receptive to getting trapped and eventually becoming a foam cell ([@bib38], [@bib39]).

Pacific dulse supplementation also increased triglyceride excretion in the feces, which is similar to the effects observed in red algae *Gelidium amansii* supplementation in Sprague-Dawley rats fed with a high-fructose diet ([@bib40]) and in streptozotocin-nicotinamide--induced diabetic rats ([@bib41]). Beneficial effects of algal polysaccharides, particularly soluble fiber, in increasing lipid excretion have been well reported. While major polysaccharide families constituting the dietary fiber profile in red and brown algae may be distinct ([@bib42]), both Pacific dulse (*P. mollis*) and wakame (*U. pinnatifida*) have favorably high fiber content (\>25%) ([@bib43], [@bib44]). Hypolipidemic effects linked to high-fiber diets are mainly associated with soluble fibers, as these may decrease pancreatic lipase activity, reduce lipid emulsification and lipolysis, and lower lipid absorption, thereby increasing fecal lipid excretion ([@bib45]).

Obesity-induced inflammation is considered the major link to numerous health perturbations in metabolic syndrome. In particular, chronic low-grade inflammation in the adipose tissue, marked by the recruitment and accumulation of macrophages, is crucial to insulin resistance development ([@bib46]). Being a chemoattractant protein specific to monocytes and macrophages ([@bib47], [@bib48]), MCP-1 plays a critical role in the progression of the adiposity-related inflammatory cascade. As early as 7 d of HFD feeding in mice, MCP-1 expression in the adipose tissue is increased, with significant elevation of plasma concentrations observed during the fourth week ([@bib49]). In humans, circulating concentrations of MCP-1 are significantly higher in obese subjects than nonobese controls, showing positive relations to other systemic inflammatory markers, such as C-reactive protein (CRP) and IL-6 ([@bib50]). The same observations have been reported in patients with type 2 diabetes and cardiovascular diseases ([@bib51]). Considering this integral role in disease progression, numerous efforts have been directed at lowering MCP-1 concentrations. Treatments involving MCP-1 reduction for health improvement in humans include statins, rosiglitazone, colestimide (hypolipidemic drug), vitamin E, and physical interventions like bypass surgery and exercise ([@bib51]).

Our study shows that sea vegetable supplementation significantly reduces plasma MCP-1 in HFD-fed groups of mice. Both sea vegetables exerted anti-inflammatory effects, ably remediating the commonly observed obesity-induced systemic inflammation. This finding is in agreement with the effects observed in *U. pinnatifida* lipid (fucoxanthin-rich) supplementation in C57BL/6J mice ([@bib20]) and polysaccharide fucoidan treatment in 3T3L1 ([@bib52]). As for the use of Pacific dulse (*P. mollis*), this is to our knowledge the first report on its anti-inflammatory effect in a murine model. While the anti-inflammatory effects of phycobiliprotein and chlorophyll from *P. palmata* have been documented in vitro and in vivo ([@bib26]), dietary intervention using the same sea vegetable material showed contrary results in humans. Specifically, researchers reported that consumption of *P. palmata--*supplemented bread (5 g/d) increased serum CRP ([@bib53]). As an acute phase protein, CRP can be drastically increased to 1000-fold and quickly return to normal concentrations in the blood within 24--48 h. Since the main biological function of CRP is for host defense against bacterial pathogens and clearance of apoptotic and necrotic cells ([@bib54]), CRP concentrations can greatly and rapidly fluctuate. Since obesity-associated inflammation is chronic in nature and the stability of CRP in the system is rather brief, using it as a marker for chronic inflammation can be misleading.

Given that most obesity-associated proinflammatory cytokines can block the insulin signaling pathway ([@bib55]) and that averting inflammation may improve glycemic condition, as in the case of the anti-inflammatory drug salsalate in obese nondiabetic human subjects ([@bib56]), the use of inflammation-targeted antidiabetic treatments hold promise ([@bib57]). While antidiabetic activities have been reported in both red and brown algae extracts that exerted anti-inflammatory effects ([@bib58], [@bib59]), this was not observed in this current study. The observed potent anti-inflammatory effects in sea vegetable--supplemented HFD groups did not cause significant glycemic improvements among test animals at 4 wk of feeding of the experimental diets. Although the dulse-supplemented group showed relatively faster clearance of exogenous blood glucose during IPGTT ([Figure 3A](#fig3){ref-type="fig"}), this was not enough to account for a significant difference in terms of the AUC. It is also important to point out that the inflammatory marker MCP-1 was determined at a much later period (week 8) than IPGTT, which was determined during week 4 of diet supplementation.

The gut microbiome plays an important role in nutrient absorption, energy harvest and storage, immune function, and endocrine response. Alterations to the gut microbiome can impair these critical functions to adversely impact host physiology. These impairments include decline in gut barrier function, increased susceptibility to metabolic endotoxemia (elevated lipopolysaccharide concentrations), augmented energy harvest and storage, and subsequent progression of inflammation, insulin resistance, and other metabolic complications ([@bib60]). Considering these links to metabolic health and disease progression, the gut microbiome is considered a promising therapeutic target ([@bib61]). Therefore, interventions that prevent functional disruption of the gut microbiome or that restore the microbiome to a state that contributes to homeostasis are being explored.

HFDs are known to cause significant alterations to the gut microbiome, in both obese and nonobese states ([@bib62], [@bib63]). HFD consumption is generally accompanied by significant phylum-level microbiota shifts, characterized by the decrease of *Bacteroidetes* and increase of *Firmicutes* and *Proteobacteria* ([@bib60]). A decrease in bacterial density and an increase in the relative proportion of *Bacteroidales*, *Clostridiales*, and *Enterobacteriales* in HFD-fed Sprague-Dawley rats for both obesity-prone and nonprone strains has been reported ([@bib64]). While both strains showed microbiome alteration mediated by HFD, inflammatory progression was crucial for the onset of hyperphagia and obese phenotype development ([@bib64]).

Our study showed that the gut microbiome of HFD + D--fed mice, as assessed from fresh stool samples, was more diverse as indicated by higher SR and Shannon Entropy estimates. As a measure of distinguishable taxa in each sample, the evenness of species abundances are effective indicators of how Pacific dulse supplementation favored a more diverse gut community. The gut microbiome of the HFD + W--fed mice had lower alpha-diversity, which was comparable to the observed reduction of gut microbiome SR in polysaccharide fucoidan--supplemented HFD feeding in BALB/c mice ([@bib65]). Researchers, however, noted the favorable increase in abundance of the phylum *Bacteroidetes*, which is often reduced during HFD exposure.

Bray-Curtis dissimilarity analysis revealed that the gut microbiome profile of mice fed with a sea vegetable--supplemented HFD was comparable to that of mice fed with an LFD. The same clustering was observed in terms of the relative abundance of *Lachnospiraceae FCS020*, a member of a common butyrate-producing gut bacterial taxa associated with diets high in fiber and complex carbohydrates ([@bib66]). While there seems to be no unified view on the diversity, abundance, and major taxonomic shifts in diet-induced obesity animal models, it is considered that an "inflammation-associated microbiome" predominates in subjects with obesity-associated metabolic disorders. Specifically, it is thought to be attributable to the reduction of bacterial diversity and/or gene richness, as well as the lower potential for butyrate production. Lower bacterial gene count, which can arise from decreased abundance and diversity, has been associated with altered gut microbial functions and linked to increased fat accumulation, LPS-induced inflammation, insulin resistance, obesity, metabolic syndrome, and higher risks for diabetes, cardiovascular disorders, and inflammatory bowel disease ([@bib10]). The decline of gut microbiota diversity observed in Westernized diets was recreated in human microbiota--carrying mice (Swiss Webster) fed with low microbiota-accessible carbohydrate (MAC). Researchers have reported early reversibility of this decline at a single generation, but subsequent generations required microbiota reintroduction and dietary MAC intervention for the restoration of healthy gut conditions ([@bib67]). Algal polysaccharides are rich sources of both soluble and insoluble fiber, which can serve as a carbohydrate source for gut microbiota. In human trials, it has been reported that increased dietary fiber intake can increase microbiota richness and stability ([@bib68]). The prebiotic effects reported in sea vegetable polysaccharides include selective enrichment of probiotic taxa, improved short-chain fatty acid production, colonic morphology and immune function enhancement, and downregulation of proinflammatory cytokine and carcinogenic protein expression ([@bib44]).

While wakame (*U. pinnatifida*) has been an established source of bioactive compounds such as carotenoid fucoxanthin and polysaccharide fucoidan, Pacific dulse (*P. mollis*) has been barely investigated. A previous study has shown that Pacific dulse supplementation can ameliorate diet-induced obesity in both mice (NSY/HOS) and zebra fish models ([@bib44]). In this present study, short-term weight gain suppression was observed using a different mouse model (C57BL/6J) and a higher supplementation dose (5%, wt:wt). While improvements in adiposity and glycemic condition were not observed, this study reports for the first time, to our knowledge, the beneficial effects of dulse supplementation in HFD-fed mice, which involved the reduction of food efficiency and the modulation of both inflammation and the gut microbiome.

Protein-rich rhodophytes (red algae) are a known source of bioactive proteins (lectins and phycobiliproteins), peptides, and amino acids ([@bib69]), and sizeable amounts of soluble (sulfated galactans) and insoluble (xylan, mannan, and cellulose) fibers ([@bib42]). Prebiotic xylooligosaccharides, which have been shown to bring about dramatic shifts in gut microbiota in heathy and prediabetic subjects ([@bib70]), have been reported to be produced from *Palmaria* sp. in Japan ([@bib71]).

In conclusion, we demonstrated that 5% (wt:wt) sea vegetable powder supplementation can exert protective effects in HFD-fed mice by increasing lipid excretion, suppressing inflammation, and averting gut dysbiosis. To our knowledge, this is the first work to show the therapeutic potential of *P. mollis* for remediating gut microbiome shift and inflammation in a high-fat fed mouse model. Considering that dulse is an extensively grown sea vegetable in the Pacific Northwest, with a high specific growth rate (4.9--5.1%) ([@bib72]) and considerable amounts of protein and fiber (23.5--25.7% and 26.9--43.0%, dry weight) ([@bib43]), identification of active fractions and elucidation of therapeutic mechanisms are deemed necessary for optimum resource utilization.
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